Synchronous temporal seeding of single-mode, high-peak, and average-power Yb and Er fiber amplifiers allowed efficient, single-pass, sum frequency generation in periodically poled KTP. 3.5 W average power in the red, at 630 nm, is generated with Gaussian spatial beam quality. © 2002 American Institute of Physics. ͓DOI: 10.1063/1.1521582͔ Recent developments in parallel, multimode diode pumping of double-clad Yb and Yb/Er fibers mean that 10-100 W average power level amplifiers at 1 and 1.5 m both in cw and quasi-cw, pulsed regimes can be realized. The optical nonlinearity of a fiber of the single mode amplifier restricts peak powers due to nonlinear self-action and interaction which may lead to undesirable modification of the spectral format of the amplified seed signal.
A range of visible wavelengths, for instance in the red, can be readily generated by employing frequency mixing of the seeded Er and Yb sources. For example, it has been demonstrated that in cw format, by using sum frequency generation ͑SFG͒ in PPLN of an Yb/Er fiber source and its unabsorbed pump from a Nd:yttritium-aluminum-garnet pump, 450 mW at 630 nm can be obtained. 6 A significant power scalability of red generation can be achieved by using fully fiber integrated, quasi-cw format Er and Yb seeded sources with synchronous temporal seeding when the relative power balance of the pumps matches that determined by the quantum efficiency of the SFG process. Here, we report on the development of such a source, analyze its performance, and apply it to efficient, 3.5 W average power, single-pass, sum frequency generation in periodically poled KTP at 630 nm.
Synchronous temporal seeding of 10 W Yb and 15 W Yb/Er fiber amplifiers at signal wavelengths of 1064 and 1544 nm was implemented by using a master oscillator configuration. The seed signals from narrow line laser diodes operating in the cw regime were modulated by 20 GHz bandwidth fiber pigtailed LiNbO 3 amplitude modulators and amplified from 20-100 W to 100 mW level. The amplified signals were spectrally filtered by 0.8 nm inline interferometric filters which allowed to improve the signal to the residual amplified spontaneous emission ratio to better than 30 dB level. External rf pulses were applied to both modulators and a square-like shape of the resulting seed optical pulse was achieved by adjusting the amplitude of the rf modulation. The temporal jitter of the seed pulses was less than 100 ps. The rf pulses fed to the 1.5 m modulator were delayed to compensate for the fiber length mismatch in the Yb and Yb/Er amplifiers, and to provide a temporal overlap of the output optical pulses in the PPKTP. The spatial overlap was arranged by using a beam combiner, although a fully fiber integrated combined output is possible if an appropriate WDM coupler is used. A confocal focusing was set up ͑Fig. 1͒ by using a 7.5 cm focal length lens. This arrangement inevitably leads to the effect of chromatic aberration on the minimum focusing waist size of the two pumps. Indeed, the waist sizes of 46 and 60 m at Ϫ3 dB level were measured for 1064 and 1544 nm pumps and had 1.6 and 1.5 cm confocal length, respectively.
The 2 cm long, uncoated PPKTP crystal was 1 mm thick and was poled with 15 m period, 50:50 duty cycle, for first order quasiphase matched SFG of 1064 and 1544 nm at about 100 C. The quasiphase-matching bandwidth of the APPLIED PHYSICS LETTERS VOLUME 81, NUMBER 20 11 NOVEMBER 2002 crystal entailed that the linewidths of the pumps should be within 0.3 nm width to provide efficient SFG in the PPKTP sample. This, in turn, placed a restriction on the maximum peak power and duty factor of the seed optical pulses. At 11 MHz repetition rate with 2.0 and 2.5 ns pulse durations ͑0.8 temporal overlap ratio͒, 306 and 410 W peak power level were obtained at 1064 and 1544 nm, respectively, with linear polarization and linewidths of 0.02 and 0.22 nm at Ϫ3 dB level. Due to the isotropic fiber amplifiers used in the experiment, polarization controllers were employed to setup a linear polarization of both pumps with extinction ratio better than 5ϫ10 Ϫ2 . The required optimum peak power ratio of 1064 and 1544 nm radiation, as related to the quantum efficiency of SFG at 630 nm, is 1.45. To verify this in the given conditions of focusing and spatial overlap of pumps, measurements in a cw regime were undertaken with the constant 2 W, 1064 nm and varying 1544 nm pump powers. The result showed that SFG conversion saturated after the 1544 nm power level of 2.7 W ͑see inset in Fig. 2͒ . This corresponds to the spatial overlap ratio of 0.74. With the peak power values and temporal pulse overlap ratio listed earlier and after taking the estimated spatial overlap factor into account, we arrive at the 1.41 value of the effective power balance between 1064 and 1544 nm pumps focused in the PPKTP which is in a good agreement with the expected value of 1.45.
With the 6.9 W of 1064 nm and 10.9 W 1544 nm average pump powers levels confined within the 2 cm PPKTP quasiphase-matching bandwidth, a 3.5 W internal average power at 630 nm was generated ͑Fig. 2͒. With the BoydKleiman focusing factor 7 ϭ0.53, the normalized conversion efficiency in assumption of undepleted pump can be estimated as
where P is the average power at each particular wavelength, d eff is effective nonlinearity of PPKTP, ⑀ is free-space permittivity, C is speed of light, n the refractive indices at pump and signal wavelengths, and A is the spatial cross section of the interaction region. The experimental value of of 2.3%/ W cm corresponds to a d eff value of about 5.1 pm/V. The smaller than reported elsewhere value of d eff could not be attributed to the poling quality as the exact phase matching of SFG occurred at the crystal temperature of 104°C with measured full width at half maximum quasiphase matched temperature bandwidth of 3.7°C ͑Fig. 3͒. This temperature bandwidth corresponds to the 0.3 nm spectral value and to the effective nonlinear length L eff of 1.8 cm. 9 One of the possible reasons for the lower than expected value of conversion efficiency may relate to a relative phase fluctuation of the pump pulses and, hence, possible reduction of the nonlinear length of interaction in the PPKTP crystal. We are planning to investigate this in the coming experiments.
We investigated the spatial quality of the 3.5 W, 630 nm beam during long term run experiments by using a beam profile analyzer. In our experimental conditions, at the 630 nm power density level of 12.6 MW cm Ϫ2 , we neither expected nor seen any effects related to gray tracking in KTP. 10 The spatial profile of the 630 nm, 3.5 W power beam did not deviate from the Gaussian shape with M 2 value of 1.14 during a long term run of 5.5 h ͑inset, Fig. 3͒ .
There are a few approaches which can be implemented to achieve further scalability of the average output power at 630 nm. These may include employment of higher nonlinearity materials like PPLN and stoichiometric PPLN, 11,12 the use of fiber-format beam combiner and larger core size amplifiers in the final stages of the pump source. We are planning to explore and address these issues in coming experiments.
To conclude we demonstrated that by employing synchronous seeding of high power Yb and Yb/Er fiber amplifiers efficient sum frequency generation in periodically poled crystals can be achieved. 3.5 W average power at 630 nm wavelength with nearly diffraction limited beam quality and long term stability was generated by using periodically poled KTP. 
